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ABSTRACT
In this study, condensation heat transfer coefficients of R-410A were obtained in flattened stainless tubes made from
5.0 mm inner diameter round tubes. The test range covered saturation temperature 45℃, heat flux 10 kW/m2, mass
flux 100~400 kg/m2s and quality 0.2~0.8. Results showed the effect of aspect ratio on condensation heat transfer
coefficient was dependent on the flow pattern. For annular flow, the heat transfer coefficient increased as the aspect
ratio increased. For stratified flow, however, the reverse was true. The pressure drop increased as aspect ratio
increased. Existing correlations adequately predicted the heat transfer coefficients and pressure drops of the flattened
tubes.

1. INTRODUCTION
Fin-and-tube heat exchangers with round tubes are widely used as condensers or evaporators of residential airconditioning system. Round tubes, however, inevitably induce low thermal performance regions downstream of the
tubes. Usage of oval or flat tubes instead of round tubes will mitigate the air-side performance degradation. The
amount of refrigerant charge will also be reduced compared with that in the round tube. Webb and Iyengar (2001)
compared the air-side performance of the fin-and-tube heat exchanger having oval tubes (5 mm x 8 mm) with that of
the fin-and-tube heat exchanger having round tubes (O.D. = 8 mm). The heat transfer coefficient of the oval tube
heat exchanger was approximately the same as that of the round tube heat exchanger. The pressure drop of the oval
tube heat exchanger, however, was 10% lower. Figure 1 shows the photo of the fin used for the flat tube heat
exchanger.

Figure 1: Aluminum fin used for a flat tube heat exchanger
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Literature reveals many studies on condensation or evaporation in round tubes (Collier and Tnome, 1994,
Ghiaansiaan, 2008). However, investigations on condensation or evaporation in oval or flat tubes are very limited.
Wilson et al. (2003) measured R-22 and R-410A condensation heat transfer coefficients and pressure drops in flat
tubes, which were made by gradually deforming the 8.7 mm I.D. round plain or micro-fin tube. Condensation heat
transfer coefficient increased with the aspect ratio of the tube. Maximum heat transfer coefficient was obtained for
the tube having 3 mm internal height. The maximum enhancement ratio over round tube was twofold for the plain
flat tube, and fourfold for the micro-fin flat tube. Kim et al. (2001) obtained the R-22 evaporation heat transfer
coefficient in an oval tube (1 : 1.5), which was made by deforming the 9.5 mm O. D. micro-fin tube. The heat
transfer coefficient of the oval tube was 2% to 15% higher than that of the round tube. The pressure drops were
approximately the same. Moreno Quiben et al. (2009) obtained R-22 and R-410A evaporation heat transfer
coefficients and the pressure drops in flat tubes having 2mm or 3 mm internal height. The flat tubes were made from
8.0 mm I.D and 13.8 mm I.D. round tubes respectively. Comparison with existing correlations revealed that
evaporation heat transfer coefficients were predicted reasonably well with usage of the equivalent diameter. Pressure
drops were, however, highly underpredicted. Nasr et al. (2010) measured R-410A evaporation heat transfer
coefficient in flat tubes made from 8.7 mm I.D. tube. Both heat transfer coefficient and pressure drop increased with
the aspect ratio. The foregoing literature survey reveals that investigations on the condensation or evaporation in
oval or flat tube are very limited. Especially for the condensation heat transfer, the study by Wilson et al. (2003) is
the only one available. The primary tube used by them had 8.9 mm I.D. In this study, 5.0 mm I.D. tube was
progressively deformed to yield flat tubes having different aspect ratios. Condensation heat transfer and pressure
drop tests were performed using R-410A.

Figure 2: Tube drawings having different aspect ratio

(a) aspect ratio 2 tube

(b) aspect ratio 4 tube

(c) aspect ratio 6 tube

Figure 3: Cross-sectional photos of tubes tested in the present study
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2. EXPERIMENTAL APPARATUS AND PROCEDURES
2.1 Flat tube samples
Thin copper tubes with approximately 0.3 mm thickness are commonly used in fin-and-tube heat exchangers. These
tubes are not acceptable as test tubes, because flat tubes made from these copper tubes will deform at the high
operating pressure (2.73 MPa at 45oC for R-410A). To determine proper tube material and thickness, a
deformation analysis was performed using ANSYS (2010). Finally, a stainless steel tube with 1.0 mm wall thickness
was chosen. With the wall thickness, the analysis revealed that maximum deformation was less than 0.02 mm at 30
bar internal pressure for AR (aspect ratio) = 6 tube. Flat tubes were made by cold extrusion following the design
shown in Fig. 2. The cross-sectional photos of the resultant flat tubes are shown in Fig. 3. The cross-sectional area,
hydraulic diameter and wetted perimeter of the flat tubes (both design and actual) are listed in Table 1. The actual
cross-sectional areas are 8% to 12% larger than those of the design value. The actual hydraulic diameters are 5% to
10% larger, and actual wetted perimeters are 1% to 3% larger. The difference increases as the aspect ratio increases.
For the data reduction of heat transfer coefficient and friction factor, actual values were used. To confirm the
possible deformation at high internal pressure, flat tubes were pressurized to 3.0 MPa for three days. No measurable
deformation was noticed.
Table 1: Geometric dimension of tested tubes
Tube

Ac(mm2)

Pw(mm)

Dh(mm)

Des.

Meas.

Des.

Meas.

Des.

Meas.

Round

19.6

19.6

16.0

16.0

5.0

5.0

AR=2

16.7

18.1

16.0

16.4

4.2

4.4

AR=4

11.2

12.3

16.0

16.2

2.8

3.0

AR=6

8.3

9.3

16.0

16.1

2.1

2.3

2.2 Experimental apparatus
A schematic drawing and details of the test section are illustrated in Figs. 4 to 6. The same apparatus used by Kim et
al. (2003) for condensation in a flat multiport tube was used for the present test. As illustrated in Fig. 4, the
refrigerant flows into the test section at a known quality and condenses in the test section by a cooling water flowing
in the annulus. Two-phase refrigerant mixture out of the test section fully condenses in the shell-and-tube heat
exchanger located at downstream of the test section by a circulating brine. The condensed refrigerant passes through
the magnetic pump, mass flow meter, and is supplied to the pre-heater of 3.6 kW capacity. The pre-heater is a series
of tubes, where refrigerant evaporates by electric cartridge heaters located at the center of the tube. The refrigerant
flow rate is controlled by by-passing an appropriate amount of liquid from the pump. The vapor quality into the test
section is controlled by the heat input supplied to the pre-heater. The heat flux to the flat tube is controlled by
changing the temperature of a cooling water in the test section. Thus, for the present apparatus, mass flux, vapor
quality and heat flux can be controlled independently.
Figure 5 shows details of the test section. The test section comprises of a flat tube and an annular channel with a
length of 1.0 m. The refrigerant flows inside of the tube and the cooling water flows in the annulus. For an accurate
measurement of tube-side condensation coefficient, it is important to minimize the thermal resistance of the annulusside. This may be accomplished by increasing the annulus-side water velocity by decreasing the annulus gap.
Increase of the water velocity, however, decreases the water temperature difference across the test section, which
increases the experimental uncertainty. An optimum gap width of 1.0 mm was chosen from the experience of the
previous study (Kim et al., 2003). The gap was formed using teflon inserts as shown in Fig. 5. Separate inserts were
made for each flat tube of different aspect ratio. To further increase the annulus-side heat transfer coefficient, Ni-Cr
wire of 0.3 mm diameter was wrapped at 2 mm pitch at the outer surface of the tube. Figure 6 shows the transition
block, which is mounted at both ends of the test section, and makes smooth transition possible from the flat tube to a
circular tube. A pressure tap of 1.0 mm diameter is machined at the upper part of the transition block.
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Temperatures were measured at five locations; refrigerant temperatures at inlet and outlet of the test tube, cooling
water temperatures at inlet and outlet of the annulus and a sub-cooled refrigerant temperature at the inlet of the preheater. Thermowells having five thermocouples each were used to measure local temperatures. Two absolute
pressures were measured - one at the inlet of the test section, and the other at the inlet of the pre-heater. These
absolute pressures were used to check the state (sub-cooled or saturated) of the refrigerant. A differential pressure
transducer was used to measure the pressure drop across the test section. The refrigerant and water flow rates were
measured by mass flow meters (Micromotion: DN25S-SS-1) with ± 1.5 x 10-6 m3/s accuracy. The saturation
pressure corresponding to the saturation temperature 45oC is 27 bar, and the apparatus should be leak-tight. Leak
tests were conducted by a soap bubble technique followed by a halogen leak detection. The leakage resulted in a
decrease in pressure less than 0.5 kPa per hour. The condensation test started at the maximum heat flux and mass
flux. After the system was stabilized, quality (from 0.2 to 0.8), and mass flux (from 100 to 400 kg/m2s) were
sequentially varied, all in a decreasing manner. The heat flux was fixed at 10 kW/m2.

Figure 4: Schematic drawing of the experimental apparatus

(a) end view

(b) cross-sectional view

(c) development view
Figure 5: Detailed drawing of the test section
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Figure 6: Detailed drawing of the transition block

2.3 Data reduction
The tube-side condensation coefficient hi is determined from eq. (2) from the overall heat transfer coefficient Uo and
the annular-side heat transfer coefficient ho. Here, Am is the heat transfer area at the middle plane of tube wall.
(1)

tA
1
1 Ai
hi = [(
−
)
− i ] −1
U o ho Ao kAm

(2)

The annulus-side heat transfer coefficient ho was determined from the Wilson plot (1915). To run a Wilson plot test,
it is important to maintain both the tube-side and the annulus-side turbulent. To promote turbulence at the annulusside, thin wire of 0.3 mm diameter was wrapped around the tube at 2.0 mm pitch. The resulting annulus-side forced
convection equations are as follows.
0.4
Nu Dh = 0.0446 Re 0.77
Dh Prw

(round tube)

(3)

Nu Dh = 0.0426 Re

Pr

(AR=2 tube)

(4)

Nu Dh = 0.00556 Re

Pr

(AR=4 tube)

(5)

Nu Dh = 0.0518 Re

Pr

(AR=6 tube)

(6)

0.70
Dh
1.0
Dh
0.80
Dh

0.4
w
0.4
w
0.4
w

Eqs. (3) to (6) are applicable 1400 ≤ Re Dh ≤ 4200 . To obtain reliable heat transfer data from tests using Wilson
plot, it is important to minimize the thermal resistance on the annulus-side. For the present test, approximately 1/3 of
total thermal resistance was on the annulus-side. This portion may be reduced by increasing the flow velocity. In
that case, however, the temperature difference between inlet and outlet becomes small, and the uncertainty on the
heat input increases. An approximate optimum annulus-side water flow rate was found (1.0 liter per minute) by trial
and error, which yielded Re Dh of 2100. This water flow rate was maintained throughout the test. The average vapor
quality in the test tube is determined from eq. (6)

x ave = xin − Δx / 2

(7)

Here, Δ x is the change of vapor quality across the test section. The vapor quality into the test section is determined
from eq. (7). Here, Qp is the heat supplied to the pre-heater and Tp,in is the refrigerant temperature into the pre-heater.

xin =

1 Qp
[
− c pr (Tsat − T p ,in )]
i fg mr
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Experimental uncertainties are analyzed following the method by Kline and McKlintock (1953), and are listed in
Table 2. The maximum uncertainty on the heat transfer coefficient is ± 12.5%, and that of pressure drop is ± 4.2%.
Table 2: Experimental uncertainties
Parameter

Max. Uncertainties

Temperature

±0.1℃

Pressure Transducer

±0.1 kPa

Water flow rate

±0.2﹪

Refrigerant flow rate

±0.1﹪

ho

±10﹪

hi

±12.5﹪

(dP/dz)f

±4.2﹪

3. RESULTS AND DISCUSSIONS
3.1 Condensation heat transfer coefficient
Condensation heat transfer coefficients in the round tube are shown in Fig. 7. For all the tests, saturation temperature
was 45oC, and heat flux was 10 kW/m2. Figure 7 shows that the heat transfer coefficient increases as mass flux or
quality increases. The round tube data are compared with Shah (1979) and Akers et al. (1959) correlation in Fig. 8.
The data are adequately predicted by Akers et al. correlation. Shah correlation overpredicts the data. Shah
correlation was developed using the data of water, R-11, R-12, R-22, etc., and is known to adequately predict the
condensation heat transfer data of tubes larger than 7.0 mm. The inner diameter of the present tube is 5.0 mm.
Condensation heat transfer coefficient in a small diameter tube is generally overprediced by Shah correlation (Webb
and Kim, 2005).

Figure 7: Condensation heat transfer coefficients of the round tube (Tsat = 45oC, q = 10 kW/m2)

Figure 8: Condensation heat transfer coefficients of the round tube compared with predictions

International Refrigeration and Air Conditioning Conference at Purdue, July 16-19, 2012

2580, Page 7

(a) G=400kg/m2s

(b) G=200kg/m2s

(c) G=100kg/m2s

Figure 9: Effect of aspect ratio on condensation heat transfer coefficients of flat tubes (Tsat = 45oC, q = 10 kW/m2)

Figure 10: Estimated flow pattern in the round tube shown in Taitel-Dukler map

Figure 11: Estimated flow patterns in flat tubes
In Fig. 9, condensation heat transfer coefficients in flat tubes are shown along with those of the round tube. High
mass flux data (G = 400 kg/m2s) are shown in Fig. 9 (a). The heat transfer coefficient increases as tube aspect ratio
increases although the difference is not pronounced at low quality. The heat transfer coefficient of AR = 2 tube is 10%
larger than that of the round tube. The ratio increases to 20% for AR = 4 and 45% for AR = 6 tube. The difference
increases as quality increases. Figure 9 (b) shows the heat transfer coefficients at G = 200 kg/m2s. At this mass
flux, the trend is quite different from that at G = 400 kg/m2s. The round tube shows the highest heat transfer
coefficient, followed by AR = 2, and then AR = 4 tube. The heat transfer coefficient of AR = 2 tube is 8% lower
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Figure 12: Condensation heat transfer coefficients of flat tubes compared with predictions
than that of the round tube, and the heat transfer coefficient of AR = 4 tube is 25% lower. For AR = 6 tube, the
quality difference across the test section at heat flux of 10 kW/m2 was too large to obtain the data. Due to the
sameproblem, limited data were obtained at G = 100 kg/m2s as shown in Fig. 9 (c). Limited data shows that, at G =
100 kg/m2s, the heat transfer coefficient of AR = 2 tube is 16% lower than that of the round tube. The data trend
shown in Fig. 9 may be summarized as follows. At high mass flux, heat transfer coefficient increases as aspect ratio
increases. At low mass flux, however, the reverse is true.
To postulate the possible reasoning, the round tube data are plotted in the flow regime map of Taitel and Dukler
(1976), and the results are shown in Fig. 10. Unfortunately, no flow regime map is available for the flat tube. Figure
10 shows that annular flow is obtained at G = 400 kg/m2s. Below G = 400 kg/m2s, the flow is stratified. In Fig. 11,
possible flow patterns of the annular and stratified flow in flat tubes are illustrated. For the round tube in annular
flow, the film thickness is uniform along the periphery. For flat tubes, however, the liquid is likely to flow along the
corners with thin liquid films at top and bottom. The condensation heat transfer coefficient will be enhanced through
these thin films. The liquid film is likely to get thinner as the aspect ratio increases, yielding higher heat transfer
coefficient. For the stratified flow, on the contrary, the thick liquid film is likely to spread more widely as the aspect
ratio increases. Then, the heat transfer coefficient will decrease as the aspect ratio increases. Wilson et al., (2003),
from the condensation test of R-410A and R-134a at 35oC saturation temperature, reported that heat transfer
coefficients of flat tubes are higher than those of the round tube for the mass flux range of 75 ~ 400 kg/m2s. When
their data are plotted in Taitel and Dukler map, annular flow was observed except at 75 kg/m2s. Thus, their data
trend is generally in line with the present one. In Fig. 12, present flat tube heat transfer coefficients are compared
with the predictions by Shah (1979) and Akers et al., (1959) correlation. Most of the data are predicted within ± 30%
by Akers et al. correlation. Shah correlation highly over or underpredict the data.

(a) G=400kg/m2s

(b) G=200kg/m2s

Figure 13: Frictional pressure drop in flat tubes
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3.2 Pressure drop
The pressure drop was also measured during the condensation heat transfer test. From the measured pressure drop,
the acceleration term was subtracted, and the resultant frictional pressure drop data are shown in Fig. 13. Fig. 13 (a)
and (b) show the data taken at G = 400 kg/m2s and G = 200 kg/m2s respectively. Unfortunately, pressure drop data at
G = 100 kg/m2s were not obtained due to the limitation of the pressure transducer. Figure 13 shows that, in general,
pressure drop increases as the aspect ratio increases. Some unexpected trend at x = 0.2 and 0.8 is not explanatory yet.
The pressure drop data are compared with Friedel (1979) correlation in Fig. 14. Most (75%) of the data are predicted
within ± 30%. Wilson et al. (2003) also reported that flat tube pressure drop data are reasonably predicted by
existing correlations.

Figure 14: Frictional pressure drop in flat tubes compared with prediction

4. CONCLUSIONS
In this study, condensation heat transfer coefficients of R-410A were obtained in flattened tubes (AR = 2, 4, 6) made
from 5.0 mm inner diameter round tubes. The test range covered saturation temperature 45℃, heat flux 10 kW/m2K,
mass flux 100~400 kg/m2s and quality 0.2~0.8. Results showed the effect of aspect ratio on condensation heat
transfer coefficient was dependent on the flow pattern. For annular flow, the heat transfer coefficient increased as
the aspect ratio increased. For stratified flow, however, the reverse was true. The pressure drop increased as aspect
ratio increased. The heat transfer coefficient was reasonably predicted by Akers et al. correlation, and the pressure
drop was reasonably predicted by Friedel correlation.

NOMENCLATURE
A
AR
Cp
Dh
h
hfg
k

m

NuDh
Pr
Pw
Q
q
ReDh
T
x

dP / dz

Area,
Aspect ratio
Specific heat
Hydraulic diameter
Heat transfer coefficient
Latent heat of vaporization
Thermal conductivity
Mass flow rate
Nusselt number based on hydraulic diameter
Prandtl number
Wetted perimeter
Heat transfer rate
Heat flux
Reynolds number based on hydraulic diameter
Temperature
quality
Pressure gradient

(m2)
J.(kgK)-1
(m)
W.(m2K)-1
J.(kg)-1
W.(mK)-1
kg.(s)-1

(m)
(W)
W.(m)-2
K
Pa.(m)-1

Subscripts
ave
Average
c
Cross-sectional
exp
Experimental
f
Friction
i
Inside
in
Inlet
lat
Latent
m
Middle
o
Outside
out
Outlet
p
Preheater
pred
Prediction
r
Refrigerant
sat
Saturation
sens
Sensible
t
Total
w
Water
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